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has been gleaned from sources little concerned with demography per se. Given the present state of this information it is not surprising if a notable discordance can be detected between our broad principles outlined in the first section and the information surveyed in the second.
THEORETICAL CONSIDERATIONS
A science of plant demography cannot be built uncritically on the methods developed by zoologists. There are fundamental differences in the growth form of higher plants and higher animals that affect their population behavior. From the time of germination of a young seedling, growth involves the accumulation of structural units: leaves with axillary buds above ground, the individual units of the branched root structure below ground. Goethe described plant form as "a matriarchal tribe of units, each engrafted upon another" (6). The higher plant in this sense is a subpopulation in its own right, having the potential of exponential growth in the number of its parts. So fundamental is this subunitary construction that the taxonomically important elements in the specific descriptions of plants are almost wholly based on the form of the units, not the form of the whole plant. While it is taxonomically useful to describe a rabbit as having four legs, only a very few plants can be described usefully by the numbers of their leaves (Paris, Listera, Welwitschia).
The great plasticity of plants, contrasting so markedly with the canalized form of higher animals, occurs mainly at the level of the number of constructional units making up the subpopulation that is the "individual plant." In a demographic study a count of the number of animals present in an area may give much useful information about mass and activities; a count of the numbers of plants gives much less information because of the great variation in size and reproductive activity even of even-aged individuals (117). In many ways the closest analogy among animals to the demogrphic properties of plants is found in colonial Hymenoptera. In ants, termites, and bees a colonization phase when fertilized queens find new sites (equivalent to seed dispersal and establishment) is followed by the growth of a subpopulation of worker units with caste differentiation (cf leaves, petals, carpels, etc) (224, 225, 341). Chemical and visual integration within the hymenopteran colony is equivalent to the correlative inhibitions that control development within the subpopulation of buds and shoot systems of a plant. Wilson (341) discussed at length the various concepts of superorganismic integration of insect colonies that have had a significant influence on students of insect behavior since the early 1900s (e.g. 334). Darwin (65) compared compound animals to plants: "we may consider the polypi in a zoophyte, or the buds in a tree, as cases where the divison of the individual has not been completely effected. . .. Surprising as this union of separate individuals in a common stock must always appear, every tree displays the same fact, for buds must be considered as individual plants. " In plant populations (like the hymenopteran analogy) there are two levels of population behavior: the number of plants (colonies) and the number of shoot units per plant (number of members per colony). Births and deaths may occur at either level of population organization. Death may be of a whole plant or of a part: a leaf, a shoot or a main branch, a root, or a rootlet. Environmental stresses may influence both birth and death rates at either demographic level. Any general theory of plant demography that fails to take into account this population dualism is seriously incomplete. The dualism is particularly conspicuous in clone forming plants when not only does the plant develop from a single seedling as a subpopulation of parts, but some of these parts may root and eventually become severed from the original. The result is a subpopulation of wholly discrete functional units, "ramets" with the genetic identity of the single individual, the "genet" (149).
One of the major tasks of a demographer is to measure, describe, and explain changes in the numbers that compose a population. A fundamental equation of population growth is: Density stress has a profound influence on the size of individual plants, and population effects are shown not only in changes of N and -q, but also in interactions between N and q. The population of subunits that form the whole plant may be recognized at a variety of levels. Ultimately the population of cells represents the most fundamental level at which population phenomena operate in both animals and plants. Classically the leaf with its axillary bud is the unit of morphology. Independent rooted shoots are convenient units for some purposes, and in grasses the "tiller," a lateral shoot usually defined as bearing 2 or more leaves, has been widely used as the unit in pasture analysis.
However, when one turns to more complex branching patterns than those that, like the grasses, essentially reiterate the growth pattern of the original genet, a certain conceptual difficulty arises in determining a meaningful unit to count. The number of shoots may be counted [as e.g. on Acer rubrum, (340)] and distinguished into short and long shoots. In A. rubrum the number of shoots per tree increased exponentially with age, slowed and reached an asymptote after 25 years, and then maintained a dynamic equilibrium between recruitment and death. In fruit trees the numbers of short and long shoots have also been counted (16, 17) .
Halle & Oldeman (108) have defined 24 architectural models of tree form based on a few simple constructional principles: continuous or articulate growth, terminally or laterally borne inflorescences, orthotropic or plagiotropic branch systems. The models define the growth behavior of young trees or saplings. Mature trees are envisaged as composed of several reiterations of the basic architectural modules (209) . This approach offers a real prospect of quantifying plant structure in terms of developmentally significant modules (White, in preparation). A modular theory If the size of subunits is relatively nonplastic, measurements of individual plant weight, w, crudely approximate counts of the number of subunits and give indirect evidence for values of tq. Several recent studies have shown that formal relationships between total plant weight and the weight of some specific part can be defined with some accuracy (4, 26). There are simple allometric relationships between leaf weight and both total plant weight and stem diameter (4, 155) .
N and w are closely related at least in populations of single species. In dense populations of a wide variety of plant species the two processes of growth in weight of survivors and the mortality of genets proved to be closely related; this is the so-called 3/2 thinning law (344). When log mean plant weight is plotted against log density of survivors the line has a slope of 3/2. The relationship seems to have been noticed first by Tadaki (303, 304) and has been further extended by White & Harper (335). This generalization has an important bearing on the development of any general theory of plant demography in the following respects: 1. The rate of mortality of genets is directly related to the stresses caused by the pressures of population density. 2. The rate of elimination of genets is related to the rate of growth of the survivors. If the growth rate is increased (e.g. by nutrient addition) the death rate is increased. 3. In density stressed populations the frequency distribution of individual genet weight becomes strongly skewed with the passage of time, approaching log normality (159). Thus a population of even-aged individuals develops a hierarchy of size with a few dominant and a large class of suppressed genets: mortality is largely concentrated in this suppressed class (161, 335). 4. The mortality risk tends to remain constant with time, i.e. the relationship between log number of survivors and time is nearly linear (335). 5. Density-dependent mortality that is most conspicuous in the death of genets (N) is accompanied by (and probably usually preceded by) death at the subpopulation level. The phenomenon is most clearly seen in forest stands at high density, in which not only is there death of the suppressed weaklings but also accelerated death of the lower shaded branches of the survivors (340). However, in populations of Trifolium subterraneum (294) there was accelerated turnover of leaves at lower densities as plants grew rapidly. At high density considerably fewer leaves developed per plant and these tended to persist throughout its life.
The closest approach to a study of plant demography in which changes in N and 7 have been followed simultaneously has been made with deliberately sown populations of Lolium perenne (149). High density populations thinned as they grew with produce further daughters; each daughter separates from the parent. Three overlapping phases can be detected in the growth process. Phase I is a period of exponential growth expressed as fronds per frond per day [this is formally equivalent to the concepts of (a) the intrinsic rate of natural increase, which is a demographic measure of the capacity of a population to increase in numbers in an environment unstressed by crowding, and (b) the relative growth rate, used by physiologists to measure the rate of growth of an individual plant (247)]. As the fronds come to cover the beaker surface some overlapping occurs and phase I gives ways to phase II, in which the growth of the population is governed by the resource supplying the environment's power. The population growth rate is then best expressed as fronds (or g) per beaker per day. As growth continues the frond mat thickens and the lowermost fronds fail to receive adequate light to support growth; they become pale and die. The population now enters phase III when the number of fronds per beaker becomes stable and the birth rate of new fronds equals the death rate. Such growth curves roughly approximate the model proposed by Verhulst, with the exception of the rather long continued linear phase II. This experiment demonstrates the relevance of two major components of population behavior: r, the intrinsic rate of natural increase, and K, the environmental saturate, ceiling, or carrying capacity, which expresses the inability of the environment to support an indefinite population growth.
The growth of a population of Lemna fronds models the growth of a single plant that happens to fall to pieces when it is growing. The fronds are formally equivalent to the units that compose a single rooted higher plant such as a tree. The growth of Lemna also models a continuously growing population of organisms [cf the classic experiments of Gause (95) with paramecium]. Much of theoretical demography has been built on models of continuous growth (176, 323). Growth in the number of parts of an individual genet (,q) is almost certainly best treated as a truly continuous growth process, as in the formal methods for plant growth analysis (247) .
In contrast the numbers of genets do not increase in a continuous manner, but by episodes of seed production set within life cycles. This means that they may be more effectively modelled by difference equations than by continuous growth processes [e.g. (269b), for discussion see (185)].
PHENOMENOLOGY
The life cycles of flowering plants form a continuum broken for convenience into the categories of annual, biennial, and perennial. Annuals range from, e.g., Arabidopsis thaliana and desert annuals requiring 4-6 weeks from seed germination to first seed set, to forms where the growth cycle requires 4-6 months for completion. In turn the cycles range from winter annuals that germinate in the fall, over-winter as rosettes and set seed early in the following year, to biennials that may take a large part of the post-germination year to reach seed set (e.g. Digitalis, Verbascum, Dipsacus). Annuals are typically monocarpic; they die in the year in which they set seed (329), though in some cases [e.g. Senecio vulgaris (120)] it seems to be the onset of winter or drought that kills rather than any intrinsic reaction to having flowered.
Digitalis purpurea, a classic biennial, may flower and die in the year following germination or may persist as a small vegetative rosette under crowded or infertile conditions. It is usually monocarpic, but occasionally basal buds persist and grow after flowering to give an effective perennial habit (Oxley, in preparation). Among perennials, a useful distinction is that between those with and those without an accumulating (ageing) vegetative body. In general, the competitive advantage of height can only be gained at the expense of accumulating a perennial ageing structure and dead tissue. Perenniality by the annual renewal of parts avoids problems of senescence, giving in theory an infinite length of life but denying the attainment of dominance in a high canopy or in a deep root zone. Life cycles may be described in a more robust manner by reference to the features that affect the potential rate of population growth (53, 94, 286). Reproductive age and reproductive frequency have profound effects on the development of populations, and the consequences of various types of fecundity schedules occupy a central role in contemporary ecological theory (53, 171, 178).
A life cycle may be described in the crude form of Figure 1 . Formal analysis of variations in the structure of such a model (171) shows that r, the intrinsic rate of natural increase, is maximized not just by maximizing the total number of progeny produced, but by shortening a and advancing the precocity of b. Any life cycle that fails to maximize r must presumably reflect some sacrifice to another component of fitness. It is convenient to discuss reproductive systems in this context.
THE JUVENILE PERIOD ANNUALS AND BIENNIALS
The ideal speedy life cycle might involve a seed that germinates to expose a green flower that immediately proceeds to leave several seeds that germinate without delay. The flower would need to photosynthesize sufficiently to stock the new seeds with reserves and to support a root for the necessary mineral uptake. This ideal does not exist and what we see in the array of higher plant forms is a variety of compromises in which precocity of reproduction is sacrificed to the growth of a vegetative structure. The shortest time from seed to germination to first seed produced is found in annuals of deserts (333), dunes (215) and cultivated habits. A number of annuals start flowering and set their first seed when very young and small; flowers are borne in the axils of early leaves. [Given the correct day, length, and temperature treatments, germinating seeds of the annual Chenopodium rubrum were induced to flower when the cotyledons had expanded and only two rudimentary leaves had formed (62).] New flowers continue to be formed as the plant grows and seed set (and dispersal) continues at an increasing rate through the growing season. Some species (e.g. many Veronica species; Poa annua, Senecio vulgaris) are well fitted to an unpredictable environment in which, if tje season turns out to be short, some seed will have been produced; however, if the season turns out to be long it can be fully exploited. Such annuals have indeterminate growth systems and are not normally clocked into flowering by periodic stimuli; they are commonly weeds in the uncertain or complex rotations of horticulture. There is often no post-reproductive life and perhaps no intrinsic death process-life is cut short by the intervention of drought, the first killing frosts, or, as the environment deteriorates, the plant slowly rots away while still in the process of producing more flower buds (203) .
In other annuals a relatively long period of vegetative growth precedes a rather sudden transition to the flowering and fruiting stage; this is optimal behavior in an environment of high predictability and characterizes the weeds of many arable crops in which the timing of seed release is just before harvesting, e.g. Agrostemma githago, A venafatua, Papaver rhoeas, and P. dubium. The change from the vegetative to the reproductive phase in these species is often rigidly seasonal and timed by photoperiod (267, 276). The growth forms are commonly determinate and death follows seed set as if the act of seed production was itself lethal. Annuals with longer life cycles, e.g. winter annuals, also biennials, have a more or less long vegetative stage that changes under periodic stimuli to a flowering phase; vegetative apices are converted to a flowering condition and a "big bang" of reproduction is followed by death.
It is questionable whether the length of the juvenile period has any significant effect on the potential rate of population growth in annual species. If germination and the growth of the next generation followed immediately on seed set the length of the juvenile period would be of profound importance. In practice most annual species are rigidly seasonal in their germination. Even among annual weeds that may set seed and germinate at almost any season in the year (e.g. Poa annua, Senecio vulgaris) there is some uncertainty whether the populations are composed of a variety of ecotypes with different seasonal behavior or of a single type that can repeat several generations in a year. This problem warrants much further study.
In biennials at least one year of vegetative growth is made before seed is produced. Evidence from density experiments with Digitalis purpurea (Oxley, in preparation) show that, under stress, flowering may not occur for several years; it would appear that a minimal rosette size must be achieved before flowering. In deliberately sown populations of Dipsacus fullonum (Werner, personal communication) no rosettes flowered in the first year, a few flowered in the second year, and the majority in the third summer; by the fourth summer a few stragglers flowered and a few very large four year old rosettes remained which showed no signs of flowering at all. The life table data varied from field to field and there was no correlation between flowering and rosette size except that rosettes <15 cm diameter did not flower.
Theoretically, a strict biennial would be required to produce the square of the number of seeds of a comparable annual to achieve a comparable population growth rate, assuming no mortality. If the mortality risk is evenly distributed throughout life the same rule holds, but if there is a particularly high risk in the juvenile stages the annual experiences it twice in two years and the biennial only once. The biennial habit is therefore clearly favored when seedling establishment is risky, and the best return on seeds that germinate is obtained by living long and producing many seeds at the end of that life (1 16 In comparisons between species vegetative vigor is associated with late flowering. Within the species the more vegetatively vigorous individuals flower first. A generalization that describes much of the variation between species in the length of a juvenile phase is that shade intolerant, colonizing (r-type) species tend to have precocious reproduction associated with large seed numbers, small seeds, and high reproductive efficiency. In contrast, species that occupy later positions in forest succession and are shade tolerant have fewer and larger seeds and a long juvenile period. All available assimilates in early life are channelled into establishing canopy height and achieving competitive dominance. The fact that the length of the juvenile period is heritable presumably implies that the length to which the species has become adjusted in nature represents an adaptive response.
THE PHASE OF SEFED PRODUCTION
In this section the reproductive behavior of perennial plants is discussed in relation to age-specific fecundity and to frequency. A later section will deal with comparisons of the numbers of seeds produced by different species.
It requires remarkable tenacity of purpose to collect data about the fecundity schedules of plants. The most accurate record of seed production with age may be for Poa pratensis (81). This is a rhizomatous species and genets were not distin- After the juvenile period the seed output of trees tends to increase with age to an optimal age for seed bearing (315). Most trees produce their best seed crop in middle age, which may last from several decades to a century or more; seed produc-tion tends to decline as the physiologic and pathologic symptoms of over-maturity appear. The yield of acorns of several species of Quercus increases with age, being greatest in the 40-100 yr age classes, but declines subsequently as portions of the crown die (103). The age-specific fecundity curve of trees is only known accurately for a few species that are of commercial importance for their fruit, but even here there appear to be no examples of output throughout the entire life span. Much valuable demographic data undoubtedly lie entombed in the records of experimental stations, such as a very accurate record for the coconut (Cocos nucifera) (Nelliat, personal communication). Five trees planted in 1917 fruited in 1928 and were observed annually until 1968. The total accumulated seed output of these five trees was 2244, 3087, 3153, 3399, and 3708 nuts. These are probably the best recorded fecundity schedules for any plant, but they stop well short of a real decline period. Similar long term data exist for cocoa (317).
The age-specific fecundity curve has been recorded for citrus species (C. paradisi, C. reticulata, C. sinensis), though the information is given in "boxes per tree." Trees began to bear fruit at 3 yr of age, reaching a plateau at c. ' .g. 310) . Table 1 summarizes a mass of statistical information about woody perennials. The orders of magnitude are probably correct, but, as there is tremendous variation from year to year for many species, the estimates are rough and are based generally on good crop years and mature trees. A good crop year is defined as one with an abundance of seed on the majority of trees (11). However, reproductive capacities cannot be calculated from these data because the necessary information about longevity and fertility schedules are lacking. Certain striking points emerge: a tree of Betula papyrifera has a seed output of the same order per annum as has a biennial herb such as Digitalis purpurea in its one burst of monocarpic reproduction. Picea Table 1 
Birth (Germination)
The formal equivalent of births in higher plants is germination. This is the time at which the embryo escapes from maternal investing tissues and acquires independence. Normally a period of rest intervenes between fertilization and germination, allowing precise seasonal adjustment of "birth." This has close analogies in animals (342), e.g. insect diapause (71). Some mangrove species lack any seasonal dormancy at the seed phase; embryo growth on the maternal plant continues unchecked during and after the dispersal process in sea or mud. This is, however, an unusual state of affairs, and it is questionable whether there are any naturally occurring species of terrestrial habitats in which a seasonal seed dormancy of some sort is completely absent. Seasonal dormancy is demographically unimportant except insofar as that any pause in the continuing cycle of development slows down the potential rate of increase of the population.
A special feature in the demography of higher plants is the longevity of seeds. Seeds of many species, deprived of appropriate conditions or stimuli for germination, may remain dormant for very long periods of time. Plant populations exist in two parts: one growing and producing more seeds, the other stored in a viable dormant state, insulated both from many of the forces of ecological succession afid of natural selection.
Most observations on seed longevity have been made with artificially rather than naturally stored seeds ( In all cases, seed longevity implies that some of the potential rate of increase of population size has been sacrificed. This can be an advantage in a hazardous environment when synchronous germination puts the whole population at risk. The models predict that there should be a strong correlation between the fraction of the seed that germinates and the fraction of the ungerminated seed that decays, and also a correlation between the fraction that does not germinate in a given year and the probability of the total or near failure of the germinating season to produce a new crop. Many of Cohen's predictions are confirmed in the reported literature but others remain to be tested. The greatest value of this elegant modelling procedure is that it brings a formal structure into thinking about the biology of seeds, a subject that had previously been studied anecdotally.
Different authors have discussed the ecologic repercussions of dormancy and germination strategies and described simple population flux models for buried seeds in the soil (60, 114, 254, 255, 272, 273) . Roberts (255) collated data on the depletion of seed populations from the soil of arable land where further seed recruitment was prevented. Strikingly linear decays were obtained, the half-life increasing as soil disturbances were reduced. In regularly cultivated soil the whole seed population (20 species) had a half-life of c)2 yr and in undisturbed soil of 6 yr. There was considerable variation between species, with Chenopodium album and Thlaspi arvense having particularly long half-lives: 53% and 48% of the seed was still viable after 6 yr in undisturbed soil (256) . Seeds of grassland species may also show exponential decay patterns, with half-lives less than a year, except Trifolium pratense which had a half-life of three years (248).
Seeds of three Ranunculus species (R. acris, R. bulbosus, R. repens) were sown into grassland swards and their fate followed (269). There was heavy predation (20-50%) of the seed by rodents, the losses from predation being affected by the pattern of seed placement in the soil. Of the seeds that escaped predation those of R. repens had considerable longevity so that the seed bank of this species in the soil was composed of a number of overlapping generations. In contrast, seeds of R. bulbosus and R. acris decayed or germinated rapidly so that there was scarcely any overlap of generations (268). These observations are the more interesting in view of an analysis of the population biology of these three species using a modified Leslie matrix model, showing that populations of R. bulbosus and R. acris are strongly dependent on seedling recruitment for maintaining population size, whereas R. repens has greater longevity of genets with clonal spread and is much less dependent on seed for maintaining the population (269).
Causes of death of buried seeds are obscure. Earthworms may digest some seeds, but allow others to pass through the digestive tract unharmed (190). The earthworm cast may be a most important means of returning buried seeds to the soil surface in a state suitable for germination.
THE SIZE AND AGE STRUCTURE OF PLANT POPULATIONS
The structure of a population of plants can be described in terms of the ages, sizes, and forms of the individuals that compose it. Commonly, there is a hierarchy of dominant, subordinate, and suppressed forms, not only represented by different species but also within the populations of each species. Even in a pure stand of a single species sown at the same time a hierarchy of size develops, particularly if there is density stress. A few individuals come to dominate the population and the size structure closely approaches a log normal distribution. Such hierarchies occur in annuals (159, 199, 202) and long-lived woody species (133, 154) . The few dominant individuals contribute disproportionately to the total seed production so that the reproductive activity of the population is largely accounted for by the size frequency distribution of its members even in the absence of age effects. When different age classes conibute to the population the hierarchy is further complicated. Later arrivals tend to take a subordinate position until senescence or a catastrophe removes the larger, older members and creates space which the suppressed individuals can exploit. The age distribution of a population is therefore a poor predictor of its reproductive activity. In populations of Digitalis purpurea sown at low density almost all plants flower in their second year, but at high density only a few individuals flower and the remainder persist as rosettes. The reproductive behavior of the population is then a function of the density at which it was sown rather than the age of the individuals that compose it (Oxley, in preparation). This represents one critical area in which demographic procedures designed for animal populations are unsatisfactory for plants.
Rabotnov and co-workers escape from the dilemma by describing plant populations in terms of their "life states. Definitive descriptions of this form of population analysis are given by Uranov & Smirnova (314). They recognize "normal" populations in equilibrium with the environment (analogous to the stable age distributions of animal demography), and those that are relatively rapidly changing their spectrum of life stages (referred to as "successive"). The procedure allows a description of the "spectra of ontogenetic states" (313); they showed that in five grassland species (Festuca pratensis, Phleum pratense, Dactylis glomerata, Bromus inermis, Medicago falcata) these spectra are sensitive to small environmental changes. This type of population analysis has been applied to Narthecium ossifragum in Britain (299). The populations studied did not produce seed but persisted in a habitat no longer suitable for seedling development, yet the conditions were not severe enough to eradicate the population (described as "biological inertia," although in the Russian terminology it might be regarded as a population of regressive type with an age spectrum consisting only of mature or senile plants). The population structure of a wide range of species has been studied in this way by the Russian school; these species include Galeobdolon luteum (288), Phleum pratense ( There is one important feature that distinguishes such age structures from those familiar to animal demographers, and that is that precise annual ages are seldom given since they are not usually determinable with accuracy for herbaceous plants. However, in a few instances rather precise estimates of chronological age may be made if the plant has some organ (usually a rhizome) that persists for many years without decaying and shows well-defined annual increments. The number of leaf scars on a rhizome may be a good indicator of length of life when the mean annual leaf production is known. Using such techniques of morphological examination, Rabotnov has been able to determine with some accuracy the age structure, using year classes, of a few populations of herbaceous perennials: Anemone fasciculata, Polygonum carneum, Libanotis transcaucasia, Peucedanum pschavicum, Pedicularis condensata (237, see 121) .
Most studies of the structure of forest tree populations have also been concerned with size class contributions rather than those of age classes (e. g. 31, 166, 1 88a, 191,  192 ). There has been much interest in the ideal structure of a forest tree population that might be managed to provide sustained yield (9). This implies maintenance of a continued felling policy while maintaining an unchanging size (diameter) distribution, analogous to the sustained yield concept of fish population biologists.
Size or life stage distributions are obviously much easier to assemble than true age distributions, and indeed for those plants that leave no lasting record of age, e.g. in the form of growth rings, the only way ta assemble an age distribution may be long term observation of marked individuals. Two special classes of age distribution have been defined (e.g. 160): the stationary age distribution and the stable age distribution. The former is a fixed age distribution in a population that has achieved constant size and in which birth and death rates are equal. The latter is the distribution of ages in a growing population with constant age-specific birth and death rates. Neither of these has been described for any plant population.
Within populations of annual species there may be an age structure determined by the scatter in time of germination. A few days precocity in germination time of individuals in a dense population can have major effects on vigor (and presumably chance of death and reproduction) (260). The earliest germinators are, however, often exposed to a different set of hazards from those that are recruited later. In some seasons the older part of the population may gain dominance because it has had a longer growth period, in others the age distribution is truncated because only the relatively young members escape some early catastrophe (frost, ploughing). Autumn germinating seedlings of Papaver dubium are usually killed by winter frost or other hazard, but if they survive, they may yield more than 90 times the number of seeds of a spring germinating seedling (8). The arable weed Alopercurus myosuroides has an autumn and a spring peak of germination. Autumn plants tiller vigorously and may produce 8000 seeds per successful seed sown after an overwintering juvenile period (196). Spring germinators tiller less, produce many fewer seeds, and are relatively unimportant weeds because of their lack of vigor; hence, whether ploughing is done in the autumn or spring determines the age structure of the population, its aggressiveness, and its capacity to leave seed to the next generation.
The age structure of perennial species tends to be divided sharply into two categories depending on the time of year at which observations are made. Populations of Ranunculus acris and R. bulbosus examined shortly after their seasons of germination are dominated numerically by seedlings that are lost rather quickly, profoundly changing the age structure (268). In contrast, some other perennial herbs of grassland communities very seldom produce germinated seedlings ( (2-3 yr) , however, has been too short to eliminate the category of "individuals older than the period of observation." The much more extended but less frequent population census procedure adopted by Tamm (305-308) is liable to seriously underestimate juvenile categories because of the speed at which individual seedlings can appear and die.
The shape of the survivorship curve summarizes much of the information in a life table. Some of the data collected by Tamm for grassland and woodland perennials have been analyzed to determine the shapes of the survivorship curves (1 16). In this case, the fate of a whole starting population of a species was followed with time irrespective of its age structure (which was not known). A number of the species, More generally useful are the survivorship curves for different cohorts of recruits to a population. Populations of the grass Anthoxanthum odoratum followed in this way for 6 yr (5) gave Type II survivorship curves for individual annual cohorts that were generally of parallel slope, though an occasional year's recruitment departed from the general survivorship pattern. When the survivorship curve is of the negative exponential (Type II) form, its character can conveniently be summarized as a statement of its "half-life" (1 16). For many grassland dicots half-lives are 0.5-2.0 yr; they appear to be longer for woodland species. Type II survivorship curves, although linear over years, commonly show seasonal periodicities in the rate of mortality. In Ranunculus acris, R. repens, and R. bulbosus the greatest mortality risk occurs when, or just before, the survivors are making maximal growth, rather than during the harshest period of the physical environment. In Plantago major and P. rugellii studied in Ontario, Canada (125) populations suffered very slight mortality in the extreme winter conditions, but death became frequent as soon as plants started into active growth. Such data strongly suggest that it is the growth of survivors that causes the elimination of the "weaker members," perhaps in a struggle for limited resources. It is particularly relevant that dense populations of annuals thinning according to the "3/2 power law" tended to have Type II survivorships (344). One conspicuous feature of the seasonal survivorship pattern in Ranunculus species is that the mortality risk is slight during flowering, though heavy before and after. Although flowering might be expected to weaken individuals and make them more likely to die, the temporary slowdown in vegetative growth at this time may perhaps reduce the population pressures and hence lower the rate of elimination.
Not all survivorship curves of herbaceous perennials are of the linear (Deevey Type II) form (269a). Danthonia caespitosa, an important grassland species in Australia, showed a Deevey Type III curve (the heaviest mortality occurring in the young stages) (338). In contrast a number of range species in southeast California are subjected to very slight mortality during early life,-but it increases with age (e.g. Trichachne californica) (35). This is the Deevey Type I survivorship curve characteristic of human populations, Dall mountain sheep, some bird populations, and rotifers. Other species showing Type I survivorship curves are three orchids (Dactylorchis incarnata, D. sambucina, Orchis macula) (307); another orchid, Listera ovata, had a Type II curve. Amongst various populations of Primula veris only one showed a Type II curve and others departed quite strongly from this (308).
Departures from a Type II survivorship curve imply that part of the force of selection is concentrated at specific life cycle stages. Presumably if a specific stage in a life cycle is subjected to excessive selectional mortality it implies differential levels of adaptation at different parts of the life cycle. If there is any sense at all in the common phrase "in equilibrium with the environment" it might be that all phases of the life cycle are equally adapted and equally at risk; Type I and Type III survivorship curves imply that the selectional forces are operating on the potentially weakest links in the cycle.
Some departures from a negative exponential survivorship may, however, be explained in other ways. The rangeland grasses (35, 338) reproduce clonally, and clumps (genets or groups of genets) rather than ramets were counted as individuals. Large gaps occurred during the study period, and in an actively changing environment they may have adversely affected keeping trace of individual plants. Unless observations are made at relatively high frequency, seedling populations may be missed. A seedling may emerge and die only hours later, leaving no trace of its existence, particularly when the death is by predation or fungal decay. Population census tends, therefore, to underestimate recruitment and seedling mortality, and hence bias survivorship curves towards Type I. When attention is concentrated on the seedling phase, it becomes apparent that this is a high risk period after which populations may enter a Phase II type survivorship curve. In natural populations of Digitalis purpurea a steep (Deevey Type II) survivorship curve persists for the first 4-6 months of life and then changes to a new constant but lesser mortality risk for the remainder of the life cycle (Oxley, in preparation). In Ranunculus species a concave survivorship curve lasts for 20-30 weeks before the population acquires a linear survivorship curve and constant half life (268, 269a). The risky seedling phase is too long to be accounted for simply by the time required for metabolic adjustment from dependence on seed reserves to dependence on the separate activities of photosynthesis etc. It may be that the high risk period represents the genetic load of illadapted genotypes that are rather quickly eliminated. If this is the case, this specific risk period should be absent from apomicts, but there is no information about the survivorship curve of such species.
Ranunculus repens is the only member of the genus with clonal spread that has been studied demographically. Individual genets may spread very extensively, and the leafy rosettes of this species are ramets, whereas the similar rosettes of R. bulbosus are almost inevitably genets. The survivorship curve of ramets of R. repens has a negative exponential form from the time of their initiation as axillary buds. This illustrates the point that reproduction at the subpopulation level is commonly safer, though slower, than reproduction by seed. Calculation of the expectation of life at birth for R. repens ranges from 0.2-0.6 months for plants established from seed to 1.2-2.1 months for ramets. Similarly the probability of a seedling of R. repens surviving the spring following its birth is 0.12, whereas for a ramet the value is 0.77 (for R. acris the values are closely similar, 0.12 and 0.71, and for R. bulbosus the seedling probability is 0.42 and ramets are not produced) (269b).
Undoubtedly (78) . However, on the whole, the presence of a species that is persistent in an area implies that it is (or has become) tolerant of the major recurrent hazards that characterize that environment; those hazards therefore are not expected 'to play any significant part in determining population size. The one hazard that cannot be adapted to is the over-production of descendants, and it is perhaps not surprising that the major cause of death in plant populations is the presence of too many neighbors needing the same resources at the same time.
SUMMARY
Most of this review has been concerned with the elements of birth and death in the fundamental equation of population growth. Immigration and emigration have scarcely been studied as part of any demographic analysis. Both seed dispersal and clonal spread have received detailed study but largely at the anecdotal level, dominated in the case of seed dispersal by the collection of data on maximal distances. In practice most seeds fall more or less close to the parent and seed density declines steeply with distance (266); it is very much the minority that effect new colonizations. Only in the case of animal dispersal may large-scale transfer of seeds occur to any distance, e.g. Nucifraga caryocatactes which carries nuts from hazel thickets (Corylus avellana) and buries them in localized territories within spruce forests, often travelling 6 km to do this (301). The relationship between the seed dispersal pattern and the search range of predators may also be responsible for determining the density and spacing of successful seedling establishment.
"Decay" of seed populations includes predation, and the role of predators in seed demography is largely obscure. Seed on the parent and after dispersal is at risk to birds, small mammals (22), and bruchids (138-140), and earthworms may also digest seed of some species (190). A recent model of seed demography has taken predation into account (337) and predicted that short dormancy species can tolerate greater seed predation. It may be that many features of plant demography warrant interpretation in terms of predator action. Darwin (66) commented on the greater risk from predation associated with small crops; some of the curious features of the timing of seed production and release may be related to the advantages of oversaturating the predator's needs by producing all the seed in a very short time.
Much clarity is brought into thinking about immigration and emigration by the theoretical models of Gadgil (93), building on considerations of Cohen (49, 50) and Levins (169). Gadgil envisages the density of a population as a function of (a) the number and area of sites suitable for colonization, (b) the spatial distribution of these sites, (c) the carrying capacity of the sites, (d) the time for which the sites remain habitable, and (e) the dispersal characteristics of the species.
There is an important sense in which seed longevity is an alternative to seed dispersal. In a changing environment, the future of a population may be better assured by lying in wait for a favorable stage in the succession to return than by dispersing to find suitable conditions elsewhere. This is the sort of demographic problem that can readily be examined by model building. The modelling of demographic processes provides insights into population behavior that are only slowly acquired by long term field observation; models are no substitute but they serve the invaluable function of pointing to the types of field observation that are most likely to be meaningful. Stimulating examples are (48-50, 53, 93, 94, 171, 269) . This review has not been concerned with the regulation of population size, though increasing attention is now being given to the identification of factors that may determine plant numbers. Most analyses of this process have been at the level of experimental study of single species in pure populations, though some field studies have involved deliberate perturbation of population size, showing that this approach can be rewarding (37, 87, 233).
It is hard to see how any serious attempt to bring plant ecology within the hard predictive sciences can avoid much greater attention to demographic analyses. Ultimately, such analyses focus attention on the need to discover the mechanisms that control, limit, or regulate population size. The history of the demographic study of animals suggests that this phase in plant ecology will prove immensely difficult and exciting. 
